Abstract-We investigate methods for network association that improve the reliability of uplink transmissions in dense wireless heterogeneous networks. The stochastic geometry analysis shows that the double association, in which an uplink transmission is broadcasted to a macro Base Station (BS) and small BS, significantly improves the probability of successful transmission. The reliability can be further increased by the use of Successive Interference Cancellation (SIC).
I. Introduction
Traditionally, the focus of wireless cellular networks has been on the downlink (DL) traffic due to its higher volume compared to the uplink (UL) traffic. Recent developments show a clear trend in the increase of the UL traffic due to new mobile applications, such as social networks, cloud backup storage, video chatting etc., as well as the explosive growth of machine-to-machine (M2M) connections. M2M traffic is dominated by UL traffic as the M2M devices sense and monitor and thereby generate the data to send [1] . M2M traffic will represent an important segment in the upcoming 5G wireless systems. One of the new features in 5G systems is the possibility to offer ultra-reliable connections [2] . This will bring a new quality in the support of M2M traffic, as services can be built under the assumption that the M2M device will be able to deliver its data with very high reliability.
There are multiple ways to improve the reliability of UL transmissions, such as using higher transmission power or antenna diversity. On the other hand, the trend of dense deployment [3] of Small-cell Base Stations (SBSs) in heterogeneous networks brings the infrastructure close to the terminals and brings the possibility to improve the UL transmission by careful cell association. The works [4] , [5] show that, due to the difference in the DL and UL power, in many cases it is beneficial to decouple the UL and DL access, such that the terminal receives from one Base Station (BS), but transmits to another one. The UL/DL decoupling can be understood as the use of selection macro-diversity.
In this letter we use the fact that multiple densely deployed SBSs can be in the proximity of the terminal, such that the terminal can be simultaneously associated with two or more BSs in the UL and its UL transmissions are broadcasted to all of them. Specifically, we treat the basic variant of double association, depicted on Fig. 1 , in which a terminal is associated with one Macro-cell BS (MBS) and one SBS.
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This work has been supported by the Danish High Technology Foundation via the Virtuoso project. Clearly, the UL broadcast improves the reliability compared to the UL/DL decoupling and single-point UL association. Note that dual connectivity has already been considered in the release 12 of LTE [6] with the main purpose to improve downlink connectivity; however, each individual connection is put at a different frequency, i.e. a single transmission is not received by more than one access points. Besides the basic variant of double association, we also consider a more advanced version that features Successive Interference Cancellation (SIC). The rationale for such a scheme is captured by the random node deployment: it can happen that the interferer is closer compared to the desired transmitter and can be decoded first and canceled, thus increasing the fraction of decodable desired transmitters. The results show that double association can lead to significant improvement in reliability, expressed through the probability of successful reception. The performance of the double association is analyzed by using stochastic geometry for the distribution of the terminals, MBSs and SBSs [7] .
The rest of the letter is organized as follows. In Section II, we describe the system model. The reliability analysis of double association is addressed in Section III. In Section IV, we verify the performance by simulations. Section V concludes the letter.
II. System Model
We consider a heterogenous network in which the MBSs, the SBSs and the active devices are randomly located according to a 2-dimensional homogeneous Poisson point process (PPP) with node density λ b , λ s and λ u , respectively. Fig. 2 shows a snapshot of the network. We treat the case in which each device has UL transmission; the DL transmission takes place in a time-frequency resource that is orthogonal to the one used for UL. All UL transmissions use the same spectrum and interfere with each other. Our focus is on the transmission reliability, such that we assume that each device uses the maximal allowed power P. The received signal strength at node j from node i is denoted by
is the distance between the nodes i and j and α is the path loss coefficient and G i, j is an exponential random variable with unit mean in order to model the Rayleigh fading on the link. The time is slotted and the channel gain G i, j is invariant in a slot. The network is interference-limited, such that the noise at the receiver can be neglected. The success of the transmission is determined by received signal-to-interference ratio (SIR) of the receiver j, γ j , as follows:
where I denotes the aggregate interference. For a given target SIR threshold β, the transmission is successful if γ j ≥ β. The data rate of the transmission is a function of the target SIR following Shannon's formula log 2 (1+β) with a unit bandwidth. We consider four uplink association schemes.
1) Conventional single association (SA):
The device i associates with the MBS j * from which it receives the strongest signal in the DL:
where Φ b is a set of MBSs and P D is the DL power of the MBS. Although not treated in this letter, we note that the selected MBS is also used for the DL.
2) UL/DL decoupling:
The device i associates with the MBS or SBS j * which has the maximum received signal strength in the UL:
where Φ s is a set of SBSs. Here the UL association is decoupled from the DL association.
3) Basic double association (DA):
The DA is achieved by associating to the MBS as in the single association criterion (2) and the SBS that receives the signal with the highest power. Since the association is made based on the average path loss, we can say that the SBS is the closest one geometrically. This scheme can be generalized to k + 1 associations by having k additional associations to the k nearest SBSs.
4) Double association with interference cancellation (DAIC):
On top of DA, the SBS used for the secondary association utilizes SIC. The strongest interference is decodable if the following condition is satisfied:
where G c and G t,s denote the channel gains of strongest interference and intended signal, respectively, and r c and r t,s denote the distance from strongest interference and intended signal to SBS, respectively. The term I r c denotes the interference from the interferers located outside of the range r c . After decoding the strongest interference, the SBS extracts it from the aggregate interference: I r c +G c Pr
c =I r c . Then, the SBS tries to decode intended signal:
Thus, (4) and (5) 
where γ b denotes the received SIR at the typical MBS. Let r t,b denote the distance between typical active uplink device t and typical BS b. By conditioning on the transmission distance r t,b , the conditional success probability can be obtained as follows:
The derivation of (7) is in Appendix-A. The active uplink device connects to the nearest MBS. Accordingly the success probability can be expressed as follows:
where 2λ b πr t,b exp −λ b πr 2 t,b is the distance distribution of the nearest MBS.
In case of UL/DL decoupling, the active UL device connects to the one of nearest MBS or SBS. This implies that r t,b follows the nearest distance distribution with node density λ s + λ b . Thus, using (8) , the success probability is:
Now we consider the success probability p DA s of double association. The active uplink device connects to the both nearest MBS and SBS. Then the success probability is:
where γ s denotes the received SIR at the SBS. Eq. (11) is a union of two success probabilities, the one to MBS and the one to SBS, respectively. In our system model MBSs and SBSs are deployed by their own point processes, so these two probabilities are independent. We can write (11) as follows:
Using a similar way to find (9), Pr γ s ≥ β can be obtained as follows:
By substituting (9) and (13) into (12), we obtain the success probability as follows:
In [11] , it is shown that cancelling just the strongest interferer leads to large performance improvement. The aggregate interference from the randomly located concurrent transmitters reduces the SIR of the desired signal at the receiver, and can cause the transmission failure. By applying successive interference cancellation (SIC) [12] , the desired signal can be recovered despite the strong interference. Among the interfering signals, if the SIR for the signal from the strongest interferer is greater than the target threshold β, then the interferer is decoded and cancelled from the composite signal. Now the receiver targets the desired signal, whose SIR is increased and, if it is larger than the target SIR β, the signal is decoded. We define two events as follows:
• e b : Transmission is successful at MBS.
• e s : Transmission is successful at the nearest SBS. If the SBS has interference cancellation capability, then the success probability of double uplink association, p DAIC s
where Pr [e b ] is derived from (14): and using (4) and (5) 
The derivation of expectation in Pr [e s ] is in Appendix-B. Even though the success probability (15) is not a closed form, it can be easily computed numerically.
IV. Performance Evaluation
In order to verify the analytical derivations and assess the performance of the different association schemes, we use computer simulation. The node densities of MBSs and active uplink device are 0.01. The node density of SBSs varies from 0.01 to 0.1. The target SIR threshold is 0 dB.
The transmission reliability is evaluated through the probability of success. Fig. 3 shows the success probability as a function of the node density of SBSs. Already UL/DL decoupling increases the success probability, and this is further increased by a double association. As expected, double association with SIC offers the highest reliability.
The derivation of the probabilities for k + 1 associations is more difficult compared to the special case k = 1 and requires elaboration that is outside the scope of this letter. Here we use simulation results to show how the reliability depends on k. Fig. 4 shows the success probability as a function of the number of associations. By increasing the number of associations, the reliability of the transmission can be improved. However, it can be seen clearly that the major reliability increase comes when moving from single-to a double association. We note that the use of SIC offers an improvement that stays roughly constant as k increases.
V. Concluding Remarks We have considered methods for network association that improve the reliability of uplink transmissions in dense wireless heterogeneous networks. We have used stochastic geometry in order to analyze the performance of the schemes. The results show that double association, to one macro Base Station (BS) and one small BS, remarkably improves the probability of successful uplink transmission. Reliability is further improved by the use of Successive Interference Cancellation (SIC).
As for the next steps, one possible research direction is to consider resource sharing between the uplink and the downlink. Another interesting issue is to account for the correlation in the deployment model and the traffic model. In this letter we assumed homogeneous PPP as node distribution for active uplink devices, but if there are spatial correlation, the point process would be a non-homogenous PPP, such as e.g. clustering process. The spatio-temporal correlations of the traffic model will introduce interesting performance aspects of the protocols. 
